Abstract:
INTRODUCTION
Generally, when fluids flow in pipelines, there are decreases in pressure (pressure drop) as a result of friction resistances along the lines of flow. This drop in pressure also leads to temperature drop and because gas is compressible, other physical properties like density change along the pipe [1] .
Thermally insulated subsea production systems are becoming more common in deepwater completions for hydrate or wax control. Premature failures of the insulation materials for these systems have had significant operational impact.
Syntactic foams or solid polymer insulation are currently the industry standard for subsea completion equipment. The types of insulation commonly used, their failure modes, and improved methods for selecting and qualifying these insulation systems are usually provided. For deep water application, so-called "wet" insulation systems are preferred, because the insulation can be molded directly around the equipment without the need for an outer protective jacket [2] . The insulation is exposed directly to the sea water on the outer surface, with the inner surface exposed to the high temperature operation. The critical parameters in design are the thermal conductivity, insulation thickness, and specific heat capacity [3] . However, if insulation fails then there will be additional heat losses, due to frictional resistances [4] . Thus, the gas will be delivered at a lower temperature which may condense and freeze, forming hydrates, obstructing piping and equipment, with possible adverse consequences, including explosion. In addition, insulation failure also exposes the pipeline to external corrosion hence affecting the integrity of the gas pipe [5] .
In the oil and gas industry, periodic survey (mostly 5 yearly) of subsea pipelines using Remotely Operated Vehicles (ROVs) is usually carried out. In between these survey periods, insulations /coatings sometimes fail without being noticed and hence expose the pipeline to adverse corrosion and sometimes causes operational instability.
One way to reduce costs is to better optimize the maintenance strategy. Performing maintenance in subsea environments can be challenging because of harsh environmental conditions. By applying failure mechanism models it could be possible to predict equipment degradation rates and estimate the remaining equipment lifetime based on some controllable input parameters. The operation could then be optimized for maintenance, safety and cost, which would be beneficial for both the company and the environment. Thus, a single model which can predict insulation failure on a gas transmission line and the point along the pipeline where this failure will occur on a real time basis by using the gas arrival temperature as an indicator is vital. This will ensure timely intervention on the affected parts, prevent pipeline failures and reduce operational upsets. This model can also be used to validate the readings of an Advanced Fibre-Optic Distributed Temperature Sensors (DTS) in a gas transmission line equipped with DTS as is a common practice in the oil and gas industry.
NATURAL GAS TRANSPORTATION
The efficient and effective movement of natural gas from producing regions to consumption regions requires an extensive and elaborate transportation system. The transportation system for natural gas consists of a complex network of pipelines, designed to quickly and efficiently transport natural gas from its origin, to areas of high natural gas demand. Another method of transporting natural gas is by carriers (LNG carriers) where liquefied natural gas are stored in specially designed spherical vessels and transported byship. This is usually a preferred means of gas transportation when pipeline transportation is not economically feasible; like in situation of very long distances, difficult terrain, and political concerns [6] .
In order to ensure the efficient and safe operation of the extensive network of natural gas pipelines, pipeline companies routinely inspect their pipelines for corrosion and defects [7] .
The ability of a material to retard the flow of heat is expressed by its thermal conductivity (for unit thickness) or conductance (for a specific thickness). Low values for thermal conductivity or conductance (or high thermal resistivity or resistance value) are characteristics of thermal insulation [8] . Thermal insulations are produced from many materials or combinations of materials in various forms, sizes, shapes, and thicknesses.
The insulation is added to reduce heat losses from the pipe. The addition of insulation should save money through reduced heat losses; on the other hand, the insulation material can be expensive. The trade-off between energy cost and capital cost, and the optimum insulation thickness, can be determined by optimization [9] . The optimum thickness is determined to be the point where the last dollar invested in insulation results in exactly $1 in energy-cost savings [10] . This is considered as optimum Return on Investment by Rubin [11] .
Limitation of Previous Work
Boyun Guo, Shengkai Duan, and Ali Ghalambor [12] researched on Simple Model for Predicting Heat Loss and Temperature Profiles in Insulated pipelines. The study presented three analytical heat-transfer solutions. They are the transient-flow solution for start-up mode, steady-state flow solution for normal operation mode, and transient-flow solution for flow-rate-change mode (shutting down is a special mode in which the flow rate changes to zero). An application case is illustrated in which the model-calculated temperature profiles were used for insulation design. They did not consider cases of insulation failure in insulated gas pipelines. Hence, the models cannot predict insulation failure in real time that would engender cost effective and immediate remedial measures in gas transmission pipelines.
Other literatures showed an overview of different models developed to illustrate important failure mechanisms in subsea equipment and how they can be modelled. These models are Model by Salama [13] -which includes particle diameter as well as fluid mixture density to take into account multi-phase flows, the model by Shirazi et al. is a mechanical/empirical model. Mechanical calculations are used to find the impact velocity of the particle, while empirical models are used to find the erosion rate in tees and elbows based on the impact velocity. Model by McLaury and Shirazi [14] which is the Modelling of sand erosion in multi-phase flows is more complex than modelling sand erosion in single-phase flow. Mazumder et al. [15] developed a model based on the mechanistic model by Mclaury and Shirazi.
The most common subsea equipment has been described along with their common failure mechanisms. The most common failure mechanisms in subsea equipment were found to be sand erosion, corrosion and mechanical failure.
MODELING GAS PIPELINE FLOW
Generally, when fluids flow in pipelines, there are decreases in pressure (pressure drop) because of friction resistances along the lines of flow. Several empirical correlations exist in theory to predict how pressure changes/drops along the pipes during gas flow by relating pressure drop to fluid velocity, fluid physical properties and pipe geometry.
This drop in pressure also leads to temperature drop and because gas is a compressible fluid, other physical properties like density and viscosity change along the pipe. Thus, these changes are modeled and expressed as follows:
One of the key assumptions here is plug flow, which means that the fluid velocity profile is plug shaped; in I.
other words, uniform at all radial positions. Since the tube/pipe is usually too long, the temperature and pressure difference is quite significant, then the physical properties of the fluid (like density, viscosity) will change significantly. So the second step is to express this and other assumptions as a list: II.
A steady-state solution is desired. III.
Perfect insulation is assumed, thus the wall temperature is constant and uniform (i.e., does not change in the z or IV.
r direction) at a value T W . The inlet temperature is constant and uniform (does not vary in r direction) at a value T, where T >T W . V.
The velocity profile is plug shaped or flat, hence it is uniform with respect to z or r.
VI.
The fluid is well-mixed (highly turbulent), so the temperature is uniform in the radial direction. VII.
Thermal conduction of heat along the axis is small relative to convection. VIII.
The third step was the sketch that illustrates a differential volume element of the system (in this case, the flowing fluid) that was modeled. This elemental volume, which is sometimes called the "control volume" is illustrated in the 
Control volume
We act upon this elemental volume, which spans the whole of the tube cross section, with this general conservation law:
Since steady state is stipulated, the accumulation of heat is zero. Moreover, there are no chemical, nuclear, or electrical sources specified within the volume element, so heat generation is absent. The only way heat can be exchanged in this system is through the perimeter of the element by way of the temperature difference between wall and fluid.
The incremental rate of heat removal were expressed as a positive quantity using Newton's law of cooling, that is,
As a convention, we expressed all such rate laws as positive quantities, invoking positive or negative signs as required for the expressions in conservation law (Eq. 1). The contact area in this simple model is simply the perimeter of the element multiply by its length. The constant heat transfer coefficient is denoted by h. Now, along the axis, heat can enter and leave the element only by convection flow, so we can write the elemental form of Eq. 1 as:
(Rate heat flow in) (Rate heat flow out) (Rate heat loss through wall)
The first two terms are simply mass flow rate multiplied by local enthalpy, where the reference temperature for enthalpy is taken as zero. If Cp(T -Tref) was used for enthalpy, the term Tref will be cancelled in the elemental balance.
Simplifying then yields the sought-after differential equation
(4)
Where the negative signs have been cancelled.
Before solving this equation, it is good practice to group parameters into a single term (lumping parameters). For such elementary problems, it is convenient to lump parameters with the lowest order term as follows:
Where However, to solve the above equation requires a functional relationship between T and ρ for the gas, which were derived from the general gas law to be:
Showing the inverse relationship between temperature and density for gases where:
Rate in -Rate out + Rate of Generation = Rate of Accumulation
M w = molecular weight of the gas stream and z = the compressibility factor.
Numerous Equations of State (EOS) models have been developed. Suffice it to say that polynomial equations that are cubic in molar volume offer the best compromise of accurately describing the behavior of fluids over wide range of operating conditions. They include: Van der Waal, Redlich-Kwong (RK), Soave-Redlich-Kwong (SRK), and PengRobinson (PR), equation of states. SRK and PR EOS have been found to provide results sufficiently accurate for engineering purposes, they are given below:
Where the EOS parameters, a i and b i are given for each model as follows:
For SRK:
For PR: 
The resultant viscosity is in centipoises (mPa·sec), if T c and P c are given in K and Pa, respectively. Thus, because of the implicit relationships in the above equations, their evaluation involves iterative techniques via software.
Heat Transfer in Pipelines
The basic equation for the analysis of heat conduction is Fourier's law, which was based on experimental observations and is
(12)
Where the heat flux qn (W/m 2 ) is the heat transfer rate in the n direction per unit area perpendicular to the direction of heat flow. k n (W/m · K) is the thermal conductivity in the direction n, and ∂T /∂n (K/m) is the temperature gradient in the direction n.
Thus the general equation of heat conduction in pipe (cylindrical coordinate system) was derived by performing an energy balance in conjunction with Fourier's law: 
(14)
In the radial direction with no internal heat generation and constant thermal conductivity, the appropriate form of the general heat conduction equation, eq. (13), is
With the boundary conditions expressed as:
(15)
Thermal Resistance
Thermal resistance is defined as the ratio of the temperature difference to the associated rate of heat transfer. This is completely analogous to electrical resistance, which, according to Ohm's law, is defined as the ratio of the voltage difference to the current flow. 
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The rate of heat transfer q in a composite pipe is given by
(16)
Note that without insulation, eq. 17 reduces to:
Also for this case, where there is coating to prevent corrosion, equations 17 and 18 become:
Simulation
Thus using the above equations, one will simulate the system to predict the following:
Temperature profile for insulated (normal operation) system Temperature profile for a failed insulation system
This involved numerical techniques. For these purposes the pipe is divided into grids or Sections ∆Z= Z i -Z i-1 as shown in figure below:
Modelling the system, the total heat loss for the entire pipe in each case from the exit temperature were computed from the formula:
(20)
Where M = mass flow rate of the gas = ρuA Total heat loss for the pipeline, Q is found as the summation of heat losses in each segment, Q i
For the normal operation (without insulation failure) Q i was found by calculating for each segment as follows
The computed outlet temperature was compared with the operating value. Once the model predicts the operating value of the exit temperature, (at least within statistical level of significance) then a plot of T i vs Z i was made to give the temperature profile for normal operation. Then, the model was deployed for the more rigorous analysis for failed system as shown below:
In this category, insulation failure in each segment (grid) were considered with the assumption that insulation failure implies insulation thickness, x = 0. For insulation failure in the 1st segment, the diagram is as follows:
As previously shown, the total heat loss (from where the exit temperature is evaluated) is the summation of the heat losses in each segment, with the segment where insulation failure occurred evaluated. Equation 22 was adopted in this case as:
(22)
While all the other segments without insulation failure were evaluated using equation 21.
RESULTS AND DISCUSSION
The study model was validated using the field data in Table 1 and the length of the pipe under consideration is 55 kilometers. Using the data in conjunction with the above model equations 1 to 10, temperature profiles has been calculated using a software, while the heat losses and the corresponding exit gas temperatures, for normal and insulation failure at different pipe length were calculated using equations 11 to 23.
Model Validation
The model was validated using field data as shown in Fig. (3) . Actual field temperature and that calculated using the model was presented in a plotted and compared. The close match shows that the model can predict the temperature distribution of an insulated gas pipeline. From the Fig. (4) , it is observed that the model can predict the temperature distribution in normal operation of a gas pipeline. The cross plot shows an R-Factor of 0.997 confirming the accuracy of the model. 
DISCUSSION
Considering a pipeline system of 55 km, Table 2 gives the temperature and pressure distribution along the whole length of the pipe while Fig. (5) is the corresponding plot showing the temperature and pressure profiles along the pipe line. It can be observed that temperature and pressure decrease along the pipe line owing to frictional resistances to the flow. Table 3 gives the total energy loss for a normal operation (without insulation failure) while Fig. (6) is the corresponding total heat loss profile. This is because the Total heat loss is a direct function of the difference between the inlet temperature and the pipe wall temperature. The higher the difference, the more heat loss along the pipe. Table 4 gives the total energy loss for a failed insulation while Fig. (7) is the corresponding total energy loss with pipe length. This shows that the heat loss will increase when the insulation fails Table 5 . This is as a result of inverse relationship between total heat loss and thermal resistance Fig. (8) (Insulation failure implies reduction in thermal resistance). It can be deduced from Fig. (9) , that the arrival temperature is constant for normal operation (that is when there is no insulation failure) because the overall heat loss is constant but the arrival temperatures varies (reduces) for failed operations due to increase in the overall heat loss resulting from the reduction in thermal resistance at the pipe section where the insulation failed. The reduction in arrival temperature is pronounce when the insulation failure is closer to departure point due to high heat loss at that point and approaches the value of that of normal operation when the failure is close to the arrival point due to low heat loss at that point. 
CONCLUSION
In this study, it has been shown that in gas pipeline flow, exit temperature increases exponentially with the distance of insulation failure, and approaches the normal operation if the failure occurs towards the exit of the pipe.
A predictive model that predicts insulation failure and the pipeline location where it occurred was also developed. Thus, by merely reading the exit temperature, one will not only ascertain if insulation failure has occurred, but will also know the location of the pipe where it has occurred, so that remedial measures will be promptly taken without waste of time and resources searching for the location. 
